and plant variables were related, and (ii) evaluate the Components of the ideal field element size were reerror in estimating the value of the fundamental fieldported by Raun et al. (1998) , who also demonstrated elements of the variables when sensing over larger areas. that large spatial variability existed at the submeter level for both mobile and immobile soil nutrients. Bermudagrass forage yields ranged from 1300 to as much as SEMIVARIANCE ANALYSIS 10 000 kg ha
Ϫ1
, and soil pH ranged as much as 2 pH Basic semivariance analysis theory and procedures to define units in a 2-by 21-m area. Phosphorus and potassium relatedness between samples of spatially varying soil and plant fertilizer recommendations based on individual 0.3-by variables have been outlined in numerous texts (Journel and 0.3-m plots, ranged from 0 to 31 kg ha Ϫ1 and 0 to 107 Huijbregts, 1978; Royle et al., 1980; Hohn, 1988; Isaaks and kg ha Ϫ1 , respectively (Raun et al., 1998) . If current and Srivastava, 1989) and journal articles (Miller et al., 1988; Boyer future sensors and controllers will be used to treat meet al., 1991; Cahn et al., 1994; Nolin et al., 1996; Gupta et al., ter-scale areas, questions that must be answered include 1997). These publications define semivariance, ␥(h ), of all samples separated by a Vector h as:
(i) what are the fundamental field-element sizes for plant and soil variables of interest? and (ii) what error is introduced in the value of the measured variable as ability used semivariance analysis to determine the A phenomenon recognized in mining geostatistics, but not range in which measurements of soil properties were frequently discussed with respect to soil nutrient distribution, related (Table 1) . With one exception, these studies is the existence of multiple sills nested within a semivariogram sampled at separation distances (i.e., distance separating (Journel and Huijbregts, 1978; Hohn, 1988) . These sills are consecutive measurements) much greater than 1 m. associated with physical phenomena occurring at scales of different orders of magnitude. Sills can be nested within a Chancellor and Goronea (1994) sampled at a separation semivariogram, with semivariogram ranges in the order of distance of 1 m and reported total mineral N coefficients millimeters to kilometers. Detection of ranges nested within of variation between 34.5 to 66.0% and the semivariance larger ranges requires sample spacing shorter than the minirange of 19.5 m. However, their analysis of errors when mum range to be detected. However, as a general practice, N content in a field-element was used to predict N levels apparent nested sills should be considered real only when their of field-elements at increasing distances from the preranges can be associated with identifiable physical phenomena dictor element suggested that the semivariance range (Isaaks and Srivastava, 1989) . existed near 1 m. CVs of measured data reported in Many semivariograms appear to oscillate about the sill. The these papers ranged from 5 to 343% and generally were oscillation, termed pseudocycling, is defined as the apparent near 50%.
periodic cycling or oscillation of the magnitude of the variable over distance and is a common phenomenon with minerals Reported semivariance ranges were much larger than (Hohn, 1988) . Normally, changes in magnitude are random or those reported by Solie et al. (1996) . Sensors that meaaperiodic even though they appear periodic. However, certain sure soil and plant nutrients should be designed to scan geological formations are periodic in nature and can be characareas in which the measured variable has maximum terized by semivariograms. Periodic variation in soil variables relatedness, if nutrient applications are to be optimized.
can be induced by fertilizer applicators. Solie et al. (1987) Two experiments were conducted that measured seven measured dynamic deposition patterns of floatation-tire liquid soil and plant variables with 0.30-by 0.30-m resolution.
applicators and showed that these machines produced CVs Analyses were performed on the bermudagrass plant ranging from 15 to 55%. Deposition patterns were cyclical and soil data presented by Raun et al. (1998) to meet with a random component. Solie et al. (1994) also investigated the following objectives: (i) determine the range and the dynamic patterns of floatation-tire pneumatic granular fertilizer applicators. They showed that these machines prointegral scales within which measurements of these soil duced CVs of 14 to 22%. Fourier analysis showed that variabilized variogram is referred to as deregularization or deconvoluity was associated with, among other factors, outlet spacing, tion, a term used in other disciplines such as digital signal swath width, and a random component.
processing for the same procedure. Correlation exists between samples within the semivario-
The relationship between the point semivariance and the gram range (Journel and Huijbregts, 1978) . Beyond the range, regularized semivariance is: the semivariance becomes approximately equal to the popula-
tion variance of the measured variable. Measurements with separation distances greater than or equal to the range are Where: unrelated. A distance less than the range has been proposed ␥ v (h ) is the semivariance at separation distance h reguthat would be more appropriate to define the region conlarized over the support (volume area or line) v. taining closely related samples. This vector has been termed ␥(v,vЈ) is the mean value of all possible values of ␥(h ) the integral scale (Russo and Jury, 1987; Matheron, 1989) or when one extremity of the vector h lies within the the mean correlation distance (Han et al., 1994) . The integral domain v and the other extremity lies within the scale was derived from the autocorrelation function:
domain vЈ. ␥(v,v) is the mean value of the semivariance values within
a volume support.
␥(v, vЈ) is calculated by: where c 0 is the nugget semivariance and c 0 ϩ c 1 equals the covariance C(h ) at h ϭ 0. The integral scale J is defined as:
where a is the range. The domain v can be one, two, or three-dimensional and in Absent a biological basis for determining the distance at fact is represented by double integrals over dx and dy in two which soil and plant variables are highly related, the integral dimensions and triple integrals over du, dx, and dy in three discale provides an objective procedure to estimate that dismensions. tance. Journel and Huijbregts (1978) provide analytical and graph- Russo and Jury (1987) concluded, on the basis of an analysis ical solutions to Eq.
[5] for regularization of point data for of 100 independent simulated realizations, that the number two basic support geometries. They also described procedures of sample pairs with separation distances less than the range to estimate the deregularized or point semivariogram. and the orientation of those pairs affected the values of the Regularization can be important when the support dimenvariogram range and integral scale. Their analysis showed sions approach the support scale v. At separation distances that transect sampling underestimated the magnitude of the A,vϽϽh, the difference between the regularized semivariance integral scale by at least a factor of two. They concluded that and the point semivariance can be considered constant and only with a large number of sample pairs (N Ͼ 100) does the equal to ␥ (v,vЈ) . This difference varies appreciably as h → A, estimated correlation scale (derived from the fitted semivariov (Journel and Huijbregts, 1978) . The relationship between gram) approach the value of the corresponding scale of the the regularized range and regularized sill to the point variounderlying process. Further, they concluded that the semivarigram range and sill are functions of the point variogram and ance pairs should not be collected along transects, because the geometry of the support. this sampling strategy tended to limit the number of available Sensors such as those described by Stone et al. (1996) measample pairs.
sure rectangular or square field-elements. The geometric relaSemivariance analysis assumes that measurements are tionships among the separation distances of two regularized punctual, i.e., made at points located in three-dimensional rectangular supports v and vЈ and points at their geometric space. In practice, all measurements are made over a finite centroids are defined in Fig. 1 . Equation [6] can be solved for volume or area. Data collected from soil cores are routinely a specific point-semivariance transition model to calculate the treated as point data when separation distances are sufficiently effect of support geometry on the semivariogram. Consider large. To estimate mean levels of a variable in a volume of two rectangular supports of dimension l x and l y whose centroids soil, point data are integrated over that volume. This volume are separated by a distance h. Each support is subdivided into is generally referred to as the semivariance support. For purelements of dimensions dx and dy and dx ϭ dy. An element poses of this discussion, the term support will be used to refer in support v is located at coordinates x 1 and y 1 and an element to the volume, area, or line over which a measurement is in support vЈ is located at x 2 and y 2 . The magnitude of a Vector made when performing geostatistical analysis. This is not to be confused with the term field-element which refers to the r → linking these elements is: soil surface area over which measurements are made and fertilizers or pesticides applied by a machine. One or more
supports can constitute a field-element. The geometry of the Equation [6] can be integrated numerically. If a rectangular support may be simplified to two dimensions (area) or one support has m elements along the x-axis and n elements along (line) depending on the relative magnitudes of the dimensions the y-axis then the numerical solution to Eq.
[6] is: of the support volume. The relationship between point and finite support measurement is defined as follows (Journel and Huijbregts, 1978) :
For a unit spherical model:
The mean value z(x ) is defined as the regularization of the
Point Variable z(y ) for the Volume v(x ). In the geostatistical literature, inference of the point semivariance from a regular-
[9] yr. During extensive periods over the last 50 yr, both sites The Vector r is defined by Eq. [7] .
were tilled on a frequent basis since disk formed terraces Normally, the experimenter collecting data over a regularremain. At each location, a visually homogeneous 2.13-by ized support does not know the point transition model. How-21.3-m area was selected for intensive soil sampling. Each area ever, Journel and Huijbregts (1978) stated that the minimum was subdivided into 490 0.3-by 0.3-m supports. Eight soil value r min and maximum value r max of the deregularized range cores (13 mm in diameter and 0-150 mm deep) were collected fell within the supports v and vЈ where h ϭ a, the regularized and composited from each 0.3-by 0.3-support. Compositing range (Fig. 1) . The minimum possible value of the deregularthe samples effectively regularized the data to a 0.30-by 0.30-m ized range can be estimated as:
area. The 0.30-m dimension corresponded to the horizontal root radius of the plant in the top 30 cm of the soil with no competition among plants (Lersten, 1987) . Raun et al. (1998) 
presented a complete description of the soil test procedures, Equation [10] is true for all points along the inside boundaries and analyses of sampling and laboratory error. Data were of supports v and vЈ, where the coordinates of pairs of points subjected to a standard descriptive statistical analysis. in the y-dimension are the same. The maximum possible value of the deregularized range can be estimated as:
Semivariance analysis was used to estimate the range over which samples of the five soil variables and two plant variables Equation [11] is true for opposite corners of the outside boundwere related. Semivariograms were calculated by Eq.
[1] along aries of supports v and vЈ. The minimum and maximum values the major (21.3 m) axis of the experiments. The major axis of a reregularized range with a different dimensioned support semivariogram was important, because it was anticipated that, can be estimated by applying Eq.
[10] to the minimum value when sensors were incorporated into a variable rate applicator, and Eq.
[11] to the maximum value of the deregularized range.
they would be mounted parallel to the boom. Isaaks and SriJournel and Huijbregts (1978) recommended that the estivastava (1989) recommended that semivariograms be calcumated deregularized point range be reregularized to a differlated unidirectionally. Semivariograms were calculated for the ent sized support, and those values be compared to the experi-490 sample data sets and for each of the seven 70-sample mentally determined range to determine that the point contiguous transects constituting the data sets. The maximum estimates of the range were valid. separation distance was 18.29 m (covering 60 0.30-by 0.30-m supports) when semivariance analysis was performed unidirec-
MATERIALS AND METHODS
tionally over the entire data set. The maximum separation distance used to calculate semivariance along individual tranFive soil variables, total soil N, extractable P and K, organic C, and pH and two plant variables, forage N and biomass, sects was 35 supports (10.67 m). To determine the effect on the semivariograms of measurement over a larger support, were measured in two experiments. The experiments were conducted on two established bermudagrass sods located at data were averaged over 2 by 2 support arrays and semivariance calculated from the averaged data. When semivariograms the Efaw Experiment Station farm, Stillwater, OK, and at Burneyville, OK. The soil at Efaw was a Norge loam (finewere erratic, data were examined and outliers deleted that affected the semivariogram using the procedure of Isaaks and silty, mixed thermic Udic Paleustoll) and at Burneyville, a Minco fine sandy loam (coarse-silty, mixed thermic Udic Srivastava (1989) . Outliers were deleted until the semivariogram displayed the expected form. Nine or fewer data points Haplustoll). The site at Efaw was mowed each year but was were deleted from the Burneyville data set. These outliers a constituting a field-element b, k is the number of sensed supports constituting a field-element, l is the number of sensed appeared to be associated with cattle dung, e.g., a single data point in the P data set whose value was 124 g g Ϫ1 caused field-elements constituting the area or field, z vi is the value of the sensed variable for a single support, and m vj is the mean most of the distortion. This procedure removed the effects of manure deposits. No data were deleted in the Efaw data set.
value of the variable measured over a field-element. The mean error between the measured field-element and Semivariance statistics calculated included the nugget, sill, and range of relatedness. Semivariances were plotted as scatter fundamental field-element is a direct measure of the magnitude of the error arising from sensing a variable over a volume diagrams and visually examined to locate sills. Data files were clipped where semivariance data departed from the sill. A or area larger than optimum. This statistic is also a measure of the degree to which material applied to correct a deficiency linear-plateau (linear to a sill) function was fitted to the data (Solie et al., 1996) when the relationship between the semivariwill be over or under applied. Engineers customarily use this statistic to evaluate the effectiveness of their sensor-control ance and separation distance in the transition region was linear. The standard exponential and spherical semivariogram systems. The mean error was defined as: transition functions (Isaaks and Srivastava, 1989) were also fitted to the data by the curve fitting program TableCurve
(SPSS, 1997). The range of the exponential curve was defined as the separation distance at which the semivariance was 99% where E appl . is the error in sensing and potential error in appliof the semivariance at h ϭ ∞. Journel and Huijbregts (1978) cation. recommended that the range of the exponential models be To calculate the dispersion variance and the mean error, set at 95% of the semivariance at h ϭ ∞. The data sets used each data set was subdivided into field-elements (Table 2 ) in this paper were rich and well behaved. Inspection of the whose sizes were evenly divisible into the 6-by 66-support semivariograms showed that fixing the range at 95% greatly array and the two statistics calculated for each size fieldunderestimated the actual range. The 99% standard much element. more closely approached the true range. Criteria for selecting the transition model included (i) the highest coefficient of determination, (ii) visual evaluation of how well the model
RESULTS AND DISCUSSION
fit the semivariance values at the shortest separation distances,
Semivariance Analysis
and (iii) how well the model fit semivariance values in the region about the range.
Semivariograms of the data displayed unique re-
To evaluate the effects of regularization on semivariogram sponses ( Fig. 2 and 3 ). All but two semivariograms, K statistics, theoretical regularized semivariograms were calcuat Burneyville (Fig. 2e ) and pH at Efaw (Fig. 2j) , were lated from a point spherical transition model and experimennonlinear between the nugget and sill. Semivariograms tally determined ranges deregularized and reregularized to a for P at both locations, soil organic C at Efaw, and different dimensioned support. Equation The semivariance curve for pH at Efaw (Fig. 2j) that was divided into two distinct zones described by trasted with the Efaw forage N semivariogram (Fig. 3b) where a single monotonic curve with a range of 11.35 m
Field-Element Size Effect on Sensing Error
Assuming that the fundamental field-element size can be Table 2 . Field-element configurations used to calculate the error deduced on either a biological or geostatistical basis, the effect from the average value of the field-element compared with the on sensing and application error from using a larger than measured values of each plot constituting that element.
optimum sized field-element can be assessed. The dispersion where 2 (a,b ) is the dispersion variance of the sensed support appeared to best fit the data, even with apparent inflecvided that the number of sample pairs used to construct the semivariogram exceeds 100 to 144 [on the basis of tions in the data.
The accuracy of the previous observations depends the Russo and Jury (1987) analysis]. Phosphorus at Efaw exhibited clearly defined multion whether a sufficient number of sample pairs were used to estimate the semivariance (Russo and Jury, ple sills and ranges (Fig. 2d ). There was a well-defined period of 3.5 to 4 m for unidirectional semivariance. 1987). Separation distances less than or equal to 16.2 m met or exceeded their 100-sample pair standard. When This periodicity may be associated with agricultural machinery used on this farm. The data set had clusters of unidirectional semivariograms were constructed from the entire 490 sample data set, estimates of the range supports with large values of P. The major axes of these clusters were oriented parallel to a 2.13-m side of the and integral scale were more than double those calculated from individual transects ( Table 3 ). The Efaw forarea sampled. These axes paralleled the probable direction of tillage and fertilizer application. Although not age N semivariogram had the longest range, 11.4 m, found in this analysis. The number of sample pairs used as well defined, other Efaw semivariograms appeared to have similar length periods. to identify this correlation distance was 192. All other semivariograms had more sample pairs. This analysis Ranges and integral scales corresponded closely for each soil and plant variable at both locations (Table 3 , implies that transect sampling is an acceptable procedure for acquiring data for semivariance analysis, proColumns 8 and 9). The two P integral scales were nearly identical even though they were located on different factors) had been deleted from the grazed Burneyville site because of unusually high P values which distorted soils, with one site grazed and the other site not grazed. cattle dung (Weeda, 1967; Castle and MacDaid, 1972) . estimated the range of Efaw organic C by 0.9 m, underestimated the range of Burneyville pH by 0.4 m, and These results implied that a fundamental field element could be defined that applied to soils with different hisunderestimated Efaw biomass by 0.2 m. Only the reregularized range of Burneyville forage N was overestitories.
Regularized semivariograms calculated from the unit mated at 0.8 m. With the exception of Efaw organic C and Burneyville forage N, which had relatively large spherical transition model increased the semivariogram range, increased integral scale, and decreased sill magnierrors, estimating of the maximum and minimum possible values of the point support range by support geometude when the support size was increased (Fig. 4 and Table 4 ). Projecting finite support semivariograms to try appears to be a reasonable procedure. In the case of the 0.30-by 0.30-m support geometry used in these zero separation distance is the recommended procedure for determining the nugget value of an experimental experiments, the likely error in estimating the point support range will be Ϯ0.3 m. semivariogram. This procedure underestimated the value of the nugget, as was predicted by Journel and Huijbregts (1978) . It must be noted that the nugget
Field-Element Size Effect on Measurement
values were adjusted to the nugget value in Table 4 and and Application Error when sensed over the 2-by 2-or 4-support field-element. The greatest benefit occurred when reducing the field- † Not enough points were available to project a separate nugget.
element size for P, K and biomass. Reducing the fieldelement size for total soil N did not produce equivalent the error between the values should approach zero. Supbenefits, because the previous crop history suggested port size in these experiments was 0.30 by 0.30 m. Calcuthat total soil N would be uniformly distributed at comlations were performed to determine the mean errors paratively low levels. Similar results occurred with disbetween the measured values of each support within a persion variance, but the changes in magnitude were field-element and the average value of that field-elegreater for certain variables such as P at Efaw. ment (Table 6 ). Mean error decreased as much 50% as An underlying assumption of any semivariance analythe field-element area measured decreased from the sis is the existence of a fundamental field-element. Both 6-by 60-support array to 2-by 2-support arrays. The greatest decrease occurred for variables exhibiting high the range and the integral scale have been used to define that area. Solie et al. (1996) concluded from semivarioCVs, P at Burneyville, and biomass at Burneyville and 
